Tyrosine phosphorylation has been shown to be an important modulator of synaptic transmission in both vertebrates and invertebrates. Such findings hint toward the existence of extracellular ligands capable of activating this widely represented signaling mechanism at or close to the synapse. Examples of such ligands are the peptide growth factors which, on binding, activate receptor tyrosine kinases. To gain insight into the physiological consequences of receptor tyrosine kinase activation in squid giant synapse, a series of growth factors was tested in this preparation. Electrophysiological, pharmacological, and biochemical analysis demonstrated that nerve growth factor (NGF) triggers an acute and specific reduction of the postsynaptic potential amplitude, without affecting the presynaptic spike generation or presynaptic calcium current. The NGF target is localized at a postsynaptic site and involves a new TrkA-like receptor. The squid receptor crossreacts with antibodies generated against mammalian TrkA, is tyrosine phosphorylated in response to NGF stimulation, and is blocked by specific pharmacological inhibitors. The modulation described emphasizes the important role of growth factors on invertebrate synaptic transmission.
Neurotrophins are a family of neurotrophic substances that includes nerve growth factor (NGF), brain-derived growth factor (BDNF), and the NT3, 4͞5, 6, and 7 neurotrophins (1, 2). These molecules are major regulators of neuronal differentiation, survival, and repair, but they also exert short-and long-term effects on central nervous system and peripheral nervous system synaptic physiology in vertebrates (3, 4) . Neurotrophins interact with two types of membrane proteins, the Trk family of receptor tyrosine kinase (RTK) and the low-affinity p75 receptor (the latter has not been determined for NT7). Receptors of the Trk family display neurotrophin selectivity, thus NGF, NT6, and NT7 signal preferentially through TrkA, while BDNF and NT3 are the ligands for TrkB and TrkC, respectively. In turn, NT3 and NT4͞5 can activate both TrkA and TrkB (1, 5) . Ligand binding to Trk receptors results in, (i) dimerization of the receptor molecules, followed by autophosphorylation of certain tyrosine residues in cytoplasmic domains (6) , and (ii) activation of a signaling cascade, either by activation of protein tyrosine kinase directly or by serving as binding sites for downstream signaling proteins containing Src-homology 2 or phosphotyrosine binding domains. In recent years, these themes have been studied in detail at both molecular and functional levels (7) (8) (9) (10) .
Whereas it has been proposed that invertebrates lack neurotrophin-like molecules (11) , neurotrophins may be involved in invertebrate neurite outgrowth (12) , synapse formation (13) , synaptic plasticity (14) , and calcium channel modulation (15) .
Moreover, a putative neurotrophic factor, termed cysteine-rich neurotrophin, was recently identified in the mollusk Lymnaea stagnalis. Cysteine-rich neurotrophin, which does not have significant sequence homology to vertebrate neurotrophins, does bind p75 receptor and potentiates voltage-dependent calcium currents (16) . In addition, a new neurotrophin receptor termed Ltrk, an RTK similar to TrkC that binds NT3 specifically (17) , has been identified in the same mollusk. Because protein tyrosine phosphorylation is an important synaptic transmission modulator at the squid giant synapse (18), we tested the effects of peptide growth factors that may activate endogenous RTKs at this synapse.
The present set of experiments provides the first example of a functional TrkA-like receptor in an invertebrate synapse, as well as its physiological role and molecular pharmacological profile. This finding and those in Lymnaea further sharpen the debate regarding the evolutionary origin of neurotrophins and their receptors, as well as their physiological role during embryonic and adult life.
MATERIALS AND METHODS
Electrophysiology. Stellate ganglia from the squid (Loligo peallei) were isolated from the mantle (19) and placed in oxygenated artificial seawater buffer with Tris [423 mM NaCl, 8, 3 mM KCl, 10 mM CaCl 2 , 50 mM MgCl 2 , 2 mM Tris (pH 7.2)], and 0.001% mM H 2 O 2 ) and maintained at room temperature. Thirtysix successfully isolated giant synapses were used in the electrophysiological study. The presynaptic terminal was impaled with two sharp microelectrodes (one to inject current and the other to measure voltage). The postsynaptic potential was measured with a third microelectrode at the site of the synaptic junction. Microinjection was imaged by using a fluorescent dye (0.001% dextran fluorescein). Sodium and potassium currents during the voltage-clamp experiments were blocked with 1 mM tetrodotoxin and 5 mM 3-or 4-aminopyridine, respectively. The voltage-clamp steps were delivered from a holding potential of Ϫ70 mV.
Pharmacology. ␤b-NGF (Calbiochem), HRG-␤b1 [epidermal growth factor (EGF) domain], EGF (R & D Systems), hNT-3 and hBDNF, and acidic fibroblast growth factor (aFGF) (Alamone Labs, Jerusalem). All growth factors were human version and were reconstituted following the indications of manufacturers in a stock solution of 20 g͞ml and were stored at Ϫ20°C. At time of use, the desired concentrations were adjusted with regular sea water. Growth factors were applied directly on the synapse by means of an extracellular electrode by using pressure pulses. Genistein (Research Biochemicals, Natick, MA), SU5402, SU4984 (kind gift from Sugen) and KT 252a (Calbiochem) were prepared in 1,000ϫ stock in dimethyl sulfoxide (Sigma) and were diluted to the final concentration in the appropriate solution.
Cell Lines. PC12 were grown to 70% confluence (100-mm dishes) in DMEM with 10% fetal calf serum and 10% horse serum. PC12 cells overexpressing TrkA receptors (PC12͞TrkA) were described previously (20) . Parental PC12 cells were from the same batch as those used for the transfection.
Antibodies. Antiphosphotyrosine antibodies were described previously (21) . Anti-Trk antibodies (Trk C-14) were purchased from Santa Cruz Biotechnology. Antibodies against the C2A domain of the squid version of syntaxin (22) were a kind gift of Mitsunori Fukuda.
Immunoblotting and Immunoprecipitation. PC12 cells (untransfected and transfected) were lysed for 30 min at 4°C in 50 mM Tris⅐HCl (pH 7.4)͞150 mM NaCl͞1 mM EDTA͞1 mM EGTA͞1 mM NaVO 3 ͞1% Triton X-100͞protease inhibitors as suggested by the manufacturer (Sigma) (lysis buffer). PC12 cells overexpressing TrkA were stimulated with 100 ng͞ml of NGF for 15 min at 37°C in regular DMEM and solubilized with lysis buffer, then were immunoprecipitated with anti-Trk antibodies and protein A sepharose beads (Sigma). Protein concentration was determined by Bradford assay (Bio-Rad), and equal amounts were loaded onto SDS͞PAGE, were run, and were transferred to nitrocellulose by standard methods. Blots were probed with the appropriate antibody (see figure legends). Immunoblots and immunoprecipitations were done as described in Dikic et al. (23) . Trk tyrosine phosphorylation in NGF-stimulated PC12͞trkA cells was detected by blotting with antiphosphotyrosine-specific antibodies as described in Kouhara et al. (21) . A total of 300 freshly isolated squid stellate ganglia, a preparation identical to that used in the electrophysiological studies, were homogenized (30 per procedure) in a solution containing 0.32 M sucrose͞5 mM Tris⅐HCl (pH 7.4)͞protease inhibitor mixture (Sigma)͞1 mM NaVO 3 . Homogenate was centrifuged at 700 ϫ g for 10 min at 4°C. The supernatant was centrifuged at 27,000 ϫ g for 40 min at 4°C. The 27,000 ϫ g pellet was resuspended in a solution containing 5 mM Tris͞1 mM EDTA͞protease inhibitor cocktail (Sigma)͞1 mM NaVO 3 (pH 8.0), was homogenized again and was centrifuged 80,000 ϫ g for 30 min at 4°C. The pellet was resuspended in a solution containing 200 mM KCl͞10 mM Hepes protease inhibitor mixture (Sigma)͞1 mM NaVO 3 (pH 7.4) and then mixed 1:3 with a 3% triton lysis buffer as described above. Immunoprecipitation and immunoblotting were done as described previously. In some experiments, the stellate ganglia were maintained in artificial sea water, were incubated with 200 nM KT252a for 15 min, then were stimulated with 200 ng͞ml of NGF for 15 min and were subjected to the same protocol, but were immunoblotted with antiphosphotyrosine antibodies. In some cases, stellate ganglia were solubilized after homogenization in 0.32 M sucrose with similar results. Anti-Trk antibodies were used at a final concentration of 4 g͞ml and syntaxin antibodies were used in a 1:100 dilution from the original batch.
RESULTS

Acute Inhibition of Synaptic Transmission by a NGF-Activated
Tyrosine Kinase. Pre-and postsynaptic potentials recorded simultaneously under current clamp configuration were evoked by preterminal electrical stimulation (19) . Synaptic transmission triggered once every 3 min was markedly reduced by extracellular application of 100 ng͞ml of NGF (n ϭ 6). In the experiment illustrated in Fig. 1A , a clear reduction of the rate of rise of the excitatory postsynaptic potential was observable at 10 min after application of NGF. The postsynaptic potential became subthreshold for action potential generation after 20 min and continued to decrease in amplitude over the next 40 min. No significant effect was observed in the amplitude or duration of the presynaptic action potential (Fig. 1 A) . Similar results were obtained in the other five experiments where this paradigm was implemented. Because NGF in vertebrates can signal either through activation of an RTK (TrkA) or through p75, the postsynaptic terminal was intracellularly microinjected with the tyrosine kinase inhibitor genistein (10 M) under direct visualization (see Methods). Thus, as shown in Fig. 2A , local superfusion with 100 ng͞ml NGF on genistein preinjected cells produced no significant change in synaptic transmission (n ϭ 4). These results demonstrate that tyrosine kinase activation is a prerequisite for NGF modulation and eliminates the possibility of a nonspecific block, and they imply that the target of NGF-activated kinase is postsynaptically located.
NGF Does Not Affect Presynaptic Calcium Current. Presynaptic voltage clamp protocols were implemented to determine the effect of NGF on presynaptic calcium currents and on the associated postsynaptic response (19) . Superfusion with an identical concentration of NGF, similar to those described above, produced comparable inhibition of the postsynaptic potential both in magnitude and time course (n ϭ 4). However, no significant change in presynaptic calcium current (ICa 2ϩ ) amplitude was observed (94% Ϯ 8% of initial value) at 60 min after NGF superfusion, while the amplitude of the excitatory postsynaptic potential (EPSP) was markedly reduced (12.4% Ϯ 6% of initial value) at 60 min ( Fig. 1 B and C) .
Reduction of PSP Amplitude by Tyrosine Kinase Receptor Activation is NGF-Specific. To determine whether PSP amplitude reduction is a general action of peptide growth factors, the effects of 50-min exposure to NGF 100 ng͞ml on PSP were compared with those of BDNF (50 ng͞ml to 300 ng͞ml), NT3 (50 ng͞ml to 300 ng͞ml), EGF (50 ng͞ml to 400 ng͞ml), aFGF, (50 ng͞ml to 400 ng͞ml), and HRG (50 ng͞ml to 400 ng͞ml). Indeed, as illustrated in Fig. 3A and B, only NGF induced a significant reduction of PSP amplitude. The effects of the different growth factors were tested under current-clamp experiments (n ϭ 4 for each of the five ligands) as well as in voltage-clamp mode (n ϭ 4 for EGF and n ϭ 2 for HRG). Calcium currents were not affected by any of the growth factors at the concentrations tested (89% Ϯ 12% for EGF and an average of 92% for HRG from initial value at 60 min). This finding indicates that while in mammals there is promiscuity in terms of the neurotrophinsreceptor interaction (1), in the squid system NGF is the only ligand that significantly activates this cascade of events.
Pharmacological Profile of the Squid NGF Tyrosine Kinase Receptor. A potent and relatively selective inhibitor of Trk receptors, K252a (24, 25) , was used to determine the nature of the NGF receptor. Bath application of 100 nM K252a (n ϭ 4) 10 min before NGF (100 ng͞ml) treatment produced a significant block of NGF effect on the EPSP without affecting any other aspect of synaptic transmission, as reflected by the stability of the pre-and postsynaptic spikes (Fig. 2B) . Further analysis of this receptor was implemented by using a new class of protein tyrosine kinase inhibitors, 3-[4-(1-formylpiperazin-4yl)-benzylidenyl]-2-indolinone (SU4984) and 3-[(3-(2-carboxyethyl)-4-methylpyrrol-2-yl)methylenel-2-indolinone (SU5402) (26) . Microinjection of SU4984 (20 M) in the postsynaptic terminal as well as extracellular preincubation prevented the effect of NGF on synaptic transmission, while SU5402 at the same concentration did not interfere with the NGF action (n ϭ 3 for the preincubation and n ϭ 2 for the microinjection in both cases) (Fig. 2 C and D) . Such results also provided further evidence concerning the postsynaptic site of action of NGF. These compounds display differential specificity toward various RTKs (26) . SU5402 is a relatively selective inhibitor of FGRK1, with low activity against other RTKs, while SU4984 exhibits rather broad specificity.
Molecular Identification of the NGF-Activated Tyrosine Kinase Receptor in the Squid Giant Synapse, a TrkA-Like Protein. Because the ligand selectivity and pharmacology of synaptic modulation by NGF strongly suggested that the tyrosine kinase receptor is of the TrkA type, a series of experiments was designed to identify such a protein. Western blot analysis (n ϭ 3) and immunoprecipitations (n ϭ 3) were performed by using polyclonal antibodies specific for Trk receptors in mammals (see Methods). These blots revealed that the stellate ganglion, which houses the giant synapse (a preparation identical to that used for the electrophysiological experiments; see Materials and Methods) contains two proteins immunologically related to mammalian TrkA, a Ϸ140-kDa and a 95-kDa protein. The Ϸ95-kDa protein is more abundant than the prominent mammalian 140-kDa product (27) and is of lower molecular weight than the low molecular weight band (gp110) seen in transfected cells stably expressing TrkA (n ϭ 3) or in parental pheochromocytomaderived PC12 cells (n ϭ 3) (Fig. 4 A, C, and D) .
Because TrkA receptors undergo tyrosine autophosphorylation in response to NGF, further characterization of the proteins identified with the anti-Trk antibodies was undertaken. Stellate ganglia were incubated with NGF (200 ng͞ml) for 15 min at 22°C in artificial sea water. Lysates of stimulated and unstimulated ganglia were subjected to immunoprecipitation with polyclonal antibodies against Trk, followed by immunoblotting with antibodies against phosphotyrosine (n ϭ 2). Tyrosine phosphorylation of the putative squid TrkA receptor (the low molecular weight band) was found to be stimulated in response to NGF as shown in Fig. 5B . These immunoblots were compared with experiments run in parallel by using PC12 cells stably transfected with TrkA (PC12͞TrkA) following the same protocol as that for squid giant synapse but at 37°C in regular DMEM (n ϭ 2) (Fig.   FIG. 2 . NGF effect on synaptic transmission involves tyrosine phosphorylation. Pre-and postsynaptic potentials before and after extracellular application of 100 ng͞ml of NGF. NGF was superfused after the postsynaptic terminal had been microinjected with 10 M genistein (A) or cells had been preincubated for 10 min with 100 nM KT 252a. (Fig. 5 C and D) . These results corroborate the identity of the squid TrkA immunologically, pharmacologically, and biochemically and are consistent with the electrophysiological results demonstrating the blocking effect of TrkA activation on PSP amplitude.
DISCUSSION
Neurotrophins are important mediators of development, synaptic function, and cell survival in the vertebrate central nervous system and peripheral nervous system. Many actions of neurotrophic effects require de novo gene expression and protein synthesis. However, a series of studies in vertebrates has indicated acute synaptic neuromodulation by such growth factors, mostly at the presynaptic site, resulting in synaptic potentiation (reviewed in ref. 4) . A few reports suggest growth factor-mediated postsynaptic facilitatory modulation; however, the pre-or postsynaptic site of action in most cases was evaluated only indirectly (28) (29) (30) . In the present report, an action of NGF on the squid giant synapse is described. Treatment of the synapse with NGF for a period of minutes reduces the amplitude of the synaptic potential without affecting the presynaptic spike or calcium current. This effect is produced only by NGF and not by other peptide growth factors tested. The site of action of squid NGF modulation is postsynaptic and is consistent with previous findings concerning modulation of synaptic transmission by tyrosine phosphorylation (18). The findings imply that the level of tyrosine phosphorylation mediated by NGF receptor activation can play a role in postsynaptic current modulation under physiological conditions. NGF Signals Through TrkA in the Squid Giant Synapse. Present experiments demonstrate that the NGF effect on PSP amplitude requires tyrosine kinase activity. This conclusion is based on the modulation block by both selective (K252a, SU4984) and nonselective (genistein) protein tyrosine kinase inhibitors. K252a is an indolocarbazole derived from Nocardiopsis sp. (31) that is known to inhibit TrkA by way of interactions at the tyrosine kinase domain, not by association with ligand, extracellular, or transmembrane domains (25) . The pharmacological findings, particularly those of K252a, indicate that NGF acts through a TrkA-like receptor. Moreover, although mammals and mollusks are phylogenetically distant, antibodies raised against mammalian Trk receptors recognized a protein that was tyrosine phosphorylated in response to NGF stimulation in lysates prepared from squid nervous tissue.
Neurotrophins in Invertebrates: Identities and Signaling Pathway. To date, only a small number of candidate growth factors and RTKs with specific role have been demonstrated in invertebrates (32) (33) (34) (35) (36) (37) . Moreover, identification of such ligands and receptors in invertebrates has occurred only recently (16, 17) . The one neurotrophin and Trk receptor identified in an invertebrate (the freshwater snail Lymnea stagnalis) differs substantially from the receptor reported in this paper, as the snail cysteine-rich neurotrophin binds to a p75-like receptor and modulates calcium currents. Conversely, the neurotrophin receptor Ltrk binds human NT3, but not NGF. There are, nevertheless, some common features between these two molecules, as Ltrk is sequence-related to the vertebrate Trk receptors. Such result parallels our findings that antibodies against mammalian Trk receptors identified a protein that undergoes autophosphorylation on NGF exposure. Such autophosphorylation is prevented by K252a, as would be expected for TrkA-like receptors, despite having a different molecular weight than its mammalian counterpart (gp140), suggesting that the squid receptor is shorter than the vertebrate counterpart.
In vertebrates, TrkA is activated mainly by NGF, although NT3, NT4͞5, NT6, and the recently identified NT7 can also bind TrkA, implying the existence, in vertebrates, of a number of NGF-like neurotrophins (2, 5, 38) . In addition, some actions of NGF are mimicked by FGF in vertebrate systems (39) . However, in the squid, these neurotrophins do not produce the TrkA receptor activation brought about by NGF.
From the present and previous findings (18) , it is evident that the level of tyrosine phosphorylation may play a key role in modulation of synaptic transmission. The tyrosine kinase signaling in this system could be supported by TrkA itself or by one of the associated downstream tyrosine kinases (7) . Although no information is available regarding the target of the tyrosine kinase(s), in this case the target is obviously located at the postsynaptic site and the peptide must act directly or indirectly to reduce the receptor sensitivity to the synaptic transmitter substance. Indeed, in vertebrates, Trk-mediated tyrosine phosphorylation modulates glutamate receptors of the N-methyl-Daspartate (NMDA) type, both involving the pore and nonpore forming subunits of N-methyl-D-aspartate receptors (40, 41) . In contrast, in the squid giant synapse, the postsynaptic response is mediated by an ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-like receptor (Fig. 6 ), but the molecular identification of this receptor is absent (42) . Moreover, since some characteristics of invertebrate glutamate receptors, such as chloride conductance (43), are not retained by their vertebrate counterparts, it is probable that the modulation produced by NGF of squid giant synapse involves target(s) not yet identified in vertebrates.
In conclusion, electrophysiological, biochemical, and pharmacological data demonstrate modulation of transmission by NGF at the squid giant synapse. This modulation occurs by means of a cascade that includes a TrkA-like-mediated tyrosine phosphorylation and results in an inhibition of the postsynaptic response.
